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schizophrenia (Kendler and Diehl, 1993). Since the con-2 Instituto Cajal
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illness. Several nongenetic risk factors, such as winterSpain
birth, prenatal or perinatal complications, low socioeco-
nomic status, and minority status, have been identified
(Bromet and Fennig, 1999; McDonald and Murray, 2000),
The following is a report of the meeting “Synaptic Dys- but their contribution to the relative risk is much lower
function and Schizophrenia” held at the Juan March than the presence of the illness in first-degree relatives.
Center for International Meetings on Biology Workshop No single gene with major effect on illness vulnerability
in Madrid, Spain, 10–12 February 2003. has yet been identified, but several genes have been
proposed to play a role in increasing the risk of develop-
ing the illness or to modulate its expression (HarrisonIntroduction
and Owen, 2003). Thus, schizophrenia stems from multi-Schizophrenia is a severe and chronic mental illness
ple genes of small effects interacting with environmental(or group of illnesses) associated with high prevalence
factors. The variety in the clinical presentations and out-(about 0.5% to 1% of the population suffers from this
comes might be related to the variability in etiologicalcondition). Symptoms of schizophrenia typically emerge
factors leading to schizophrenia. In that sense, it is stillduring adolescence or early adulthood. For Bleuler, who
unclear if schizophrenia is a unique disease entity or aintroduced the term schizophrenia in 1911, the cardinal
group of conditions sharing commonality in their psy-symptom of the illness was a form of thought disorder
chopathological expression.characterized by loosening of associations and mani-
The fact that several well-established risk factors forfested by thought or speech disorganization. Other
schizophrenia are related to prenatal or perinatal events,symptoms (psychotic and deficit symptoms) emerge
and that patients with schizophrenia might exhibit vari-from this fundamental disorganization. Psychotic symp-
ous signs of impaired cognitive and social function dur-toms include hallucinations, typically auditory, and delu-
ing childhood, has supported the idea that develop-sions, which frequently involve persecution and/or meg-
mental abnormalities might play an important role inalomania. Psychotic symptoms and severe thought
shaping the vulnerability to schizophrenia (Weinberger,disorganization are often grouped under the term posi-
1987; Lewis and Levitt, 2002). On the other hand, thetive symptoms. Deficit symptoms, also commonly re-
clinical deterioration observed after onset suggests thatferred to as negative symptoms, manifest in many di-
the active period of illness might be associated withmensions, such as affect (affect flattening), volition
ongoing pathological changes in the brain (Lieberman(apathy), speech (poverty), pleasure (anhedonia), and
et al., 1997; Maynard et al., 2001).social life (withdrawal).
So far, neuropathological studies have failed to revealThe clinical course of schizophrenia shows great vari-
a diagnostic brain lesion for schizophrenia (Harrison,ability in evolution and outcome (Figure 1). Psychotic
1999). Although changes in regional brain volume (e.g.,features and thought disorganization tend to vary over
of the hippocampus and the prefrontal cortex) and sub-the course of the illness. Episodes of illness exacerba-
tle abnormalities of cytoarchitecture are often seen, theytion, characterized by increase or (re)emergence of
are not associated with the traditional signs of neuropa-gross thought disorder and psychotic symptoms, alter-
thology, i.e., neuronal cell death and an increased num-nate with periods of remission, during which these
ber of glial cells, with the possible exception of selectedsymptoms are less prominent or disrupting. The first
brain regions such as the mediodorsal nucleus of theepisode of illness is often, but not always, preceded by
thalamus. One the other hand, alterations consistent
a prodromal phase. In contrast to the fluctuating nature
with decreased neurotransmission and connectivity
of positive symptoms, negative symptoms and more
have been noted (Selemon and Goldman-Rakic, 1999;
subtle cognitive deficits (involving attention, working Lewis and Gonzalez-Burgos, 2000). Structural brain im-
memory, and executive function) tend to be stable over aging studies have confirmed the absence of detectable
time. From episode to episode, a general clinical deterio- and localized brain lesions but have been remarkably
ration is often observed. The illness is mostly active consistent in observing increased ventricular-brain ra-
during the second and third decade of life, and tends tios and slight decrease in brain volume, prominent both
to stabilize thereafter in a residual state. Current medica- in the frontal and the medial temporal pole regions
tions for schizophrenia, appropriately termed antipsy- (Wright et al., 2000). Functional imaging has revealed
chotic medications, are relatively effective at reducing patterns of aberrant activation, and more recently, alter-
ations in synaptic transmission (Kegeles and Laruelle,
2003). Thus, over the last decades, convergent findings*Correspondence: wf2004@columbia.edu
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Figure 1. Clinical and Pathophysiological
Course of Schizophrenia
“Stage of Illness” describes all premorbid and
morbid phases of the illness; increased se-
verity of symptoms is represented along the
y axis with worsening symptoms decreasing
on this axis. Hypothesized pathogenic and
pathophysiologic mechanisms that underlie
and are causal to the clinical manifestations
of the disorder are listed below the “Age”
axis.
from various areas of investigation have suggested that terest to study these TH neurons and their innervation
of pyramidal cells to determine whether they are specifi-alterations of synaptic transmission and neuronal con-
nectivity might be the core feature of schizophrenia. cally affected in schizophrenic patients.
The significance of GABAA receptor function forBased on this hypothesis, Pat Levitt, David Lewis,
and Javier DeFelipe organized a workshop in Madrid in schizophrenia is underscored by the convergent evi-
dence that transmission at a subset of these receptorsFebruary, 2003, sponsored by the Juan March Institute.
Basic scientists presented recent developments in our might be altered in schizophrenia (Lewis, 2000). J.M.
Fritschy (Institute of Pharmacology and Toxicology, Uni-understanding of synaptic transmission and connectiv-
ity, and clinical scientists presented evidence of their versity of Zurich, Switzerland) reviewed emergent
knowledge about GABAA receptors and cortical inhibi-possible alterations in schizophrenia. This paper sum-
marizes these presentations as well as some key points tory circuits. GABAA receptors form multimeric com-
plexes assembled from a family of at least 21 constituentthat emerged from the discussion.
subunits (1-6, 1-4, 1-4, , 1-3, , ). The subunit
composition and stoichiometry of native GABAA recep-Cortical Inhibitory Circuitry and Its Dysfunction
in Schizophrenia tor probably involves pentameric complexes containing
2/2/1 subunit variants. Immunochemical, pharmaco-If schizophrenia is associated with alterations in neocor-
tical circuitry, it is important to gain understanding about logical, and functional analyses of GABAA receptors give
convergent results that the majority contains a singlethese circuits. J. DeFelipe (Cajal Institute, Madrid, Spain)
pointed out that what is known about human neuronal type of  and  subunit variant, with the 122 combi-
nation representing the largest population of GABAA re-cortical circuitry is based on data obtained from the
cortex of nonhuman mammals. More specifically, the ceptors, followed by 232 and 332. Receptors
containing the 4, 5, or 6 subunit, as well as themajority of studies have been carried out on the primary
sensory areas of the monkey, cat, rat, and mouse. Al- 1, 1, 3, , , and  subunit, form minor receptor
populations.though some aspects of neocortical organization appear
to be universal across all species, at the microanatomi- The specificity of subtype expression is underscored
by the remarkable selectivity of action of diazepam incal, molecular, and hodological levels, there are signifi-
cant differences between the primary and nonprimary knockout mutant mice carrying “custom made” diaze-
pam-insensitive GABAA receptor subtypes. Thus, aboli-areas and between homologous cortical areas in differ-
ent species. Thus, relatively little is known about human tion of diazepam binding on 2-GABAA receptors in vivo
results in selective suppression of the anxiolytic actionneocortical circuitry.
Cortical tissue removed during the course of surgery of this drug. Likewise, the sedative effects of diazepam
are abolished, even at a high dose, in mice carryingto treat patients with intractable epilepsy or to gain ac-
cess to tumors located in subcortical structures repre- mutant 1-GABAA receptors. Hippocampal pyramidal
neurons express a high level of 1, 2, and 5 subunit,sents an excellent opportunity to study the human neo-
cortex. As a result, novel aspects of neurochemical and along with 1-3 and 2 subunit, suggesting that they
form at least three main GABAA receptor subtypes. Inmicroanatomical human cortical organization are being
revealed (DeFelipe, 2002). For example, DeFelipe and the soma of hippocampal pyramidal cells, 1- and 2-
GABAA receptor subtypes are segregated to distinctcolleagues identified a group of cortical interneurons
that contain tyrosine hydroxylase (TH), the rate-limiting synapses formed by two separate populations of basket
cells. Parvalbumin-positive basket cells form GABAer-enzyme in catecholamine synthesis. In humans, these
TH neurons have a peculiar laminar distribution and gic synapses containing the 1 subunit, whereas chole-
cystokinin-positive basket cells form GABAergic syn-characteristic neurochemical attributes. It will be of in-
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apses containing the 2 subunit. Finally, 5-GABAA • GABAergic synapses are formed before gluta-
matergic ones in both principal cells and interneurons,receptors have an extrasynaptic localization, being dis-
tributed throughout the somatodendritic compartment and this has a morphological substrate: neurons are
silent (no synapses) when they have no dendrites,of hippocampal pyramidal cells without being aggre-
gated at postsynaptic sites. In the neocortex, although they have only GABAergic synapses when they have
a small apical dendrite (less than 50 M), and theythe details of synaptic circuits remain largely to be
worked out, similar arrangements are very likely. It is also have glutamate synapses when they have a large
dendritic arbor that reaches the superficial layer.therefore of crucial importance to unravel the mecha-
nisms underlying the selective expression of GABAA re- • There is in the developing network a unique pattern
of network-driven activity—generated by excitatoryceptor subtypes in specific neuronal circuits under nor-
mal and pathological conditions (Fritschy and Brunig, actions of GABA in association with developing gluta-
matergic synapses—that provides most of the synap-2003).
D.A. Lewis (Departments of Psychiatry and Neurosci- tic activity at an early developmental stage.
ence, University of Pittsburgh, PA) reviewed alterations
These rules appear to have been kept throughout evo-of GABAergic transmission in the dorsolateral-prefrontal
lution, as excitatory actions of GABA in immature neu-cortex (DLPFC) of subjects with schizophrenia (Lewis
rons have been described in a large number of specieset al., 1999). Understanding the contribution of altered
and brain structures. This sequence provides a solutionGABAergic transmission to the cognitive deficits of
for one dilemma that developing structures have,schizophrenia requires knowledge of the functional cir-
namely, how to construct a structure without havingcuitry of the different classes of DLPFC GABAergic neu-
a potentially toxic imbalance between excitation androns and of the identification of the specific populations
inhibition. It is suggested that these patterns play anof GABAergic neurons and circuits that are altered in
important role in the strategy followed by the brain toschizophrenia (Figure 2). Building upon the work pre-
shift from a silent structure with no electrical activitysented by Drs. DeFelipe and Fritschy, Lewis described
and no synapses to an active one that possesses aconvergent data suggesting that the parvalbumin (PV)-
highly diversified range of electrical signals and billioncontaining chandelier subclass of GABAergic neurons
of selective synapses. It is conceivable that a distur-may be preferentially involved in DLPFC dysfunction in
bance in this normal pattern of development could leadschizophrenia. For example, in contrast to the calretinin-
to some of the alterations of GABAergic neurons ob-containing subset of GABAergic neurons, PV-containing
served in schizophrenia and discussed above.cells receive inputs from dopaminergic axons, the
mediodorsal thalamus, and the axon collaterals of
neighboring pyramidal cells, all of which appear to be Neuromodulators and Their Alterations
involved in the working memory processes mediated by in Schizophrenia
the DLPFC. In addition, the PV-, but not the calretinin- Alterations in dopamine function might be an important
containing, subclass of GABAergic neurons demon- consequence of the general dysconnectivity associated
strate decreased expression of glutamate decarboxyl- with this illness and might be involved in the pathophysi-
ase 67 and GABA membrane transporter 1 in subjects ology of several clinical aspects of the disorder, includ-
with schizophrenia (Hashimoto et al., 2003). These alter- ing positive, negative, and cognitive symptoms.
ations are accompanied by an increase in the a2 subunit P.S. Goldman-Rakic’s (Department of Neurobiology,
of the GABAA receptor localized to pyramidal neuron Yale University, CT) presentation focused on the role
axon initial segments, the synaptic target of PV-con- of dopamine in modulating glutamate transmission in
taining chandelier neurons (Volk et al., 2002). Thus, these prefrontal cortical networks underlying working mem-
data suggest that a subpopulation of GABAergic neu- ory. The stimulus-independent sustained activation of
rons are altered in the DLPFC of subjects with schizo- prefrontal neurons that encode content-specific infor-
phrenia and that these abnormalities may contribute mation constitute the fundamental cellular basis of the
to the types of working memory disturbances that are brain’s working memory functions (Goldman-Rakic,
central to the cognitive deficits observed in schizophre- 1994). She proposed that a breakdown in the circuitry
nia. Understanding these abnormalities in the context of mediating these functions might be responsible for the
the affected neural circuits may reveal novel therapeutic cognitive deficits in schizophrenia.
strategies for ameliorating the cognitive dysfunction of This persistent activity in prefrontal cortex is medi-
schizophrenia. ated, in part, by recurrent excitation among pyramidal
Further logic in the arrangement of inhibitory synaptic neurons. Simultaneously recording of multiple neurons
circuits was addressed by Y. Ben-Ari (Institut de Neuro- in monkeys trained on working memory tasks were used
biologie de la Mediterranee, France), who reviewed to examine these interactions. The modulation of neu-
three basic developmental rules for the maturation of ronal interactions by dopamine were studied in cortical
synaptic activity in a cortical circuit (Ben-Ari, 2002): slices and in the behaving animal (Gao et al., 2001),
complementing previous studies in behaving animals• GABAergic synapses are initially excitatory because
(Williams and Goldman-Rakic, 1995). Dopamine de-of a higher intracellular concentration of chloride in
presses excitatory transmission between pairs of pyra-immature neurons. Consequently, the activation of
midal neurons by actions at presynaptic D1 receptorsGABAergic receptors and synapses leads to the gen-
both in vivo and in vitro (Figure 3). These findings indi-eration of sodium and calcium potentials and an in-
cate, therefore, that a functional state of hypogluta-crease of (Ca)I by the removal of the voltage-depen-
dent Mg2	 block from NMDA channels. matergia can result from the actions of the D1 receptors.
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Figure 2. Schematic Diagram Summarizing Disturbances in the Connectivity between the Mediodorsal Nucleus of the Thalamus and the Dorsal
Prefrontal Cortex in Schizophrenia
Postmortem studies have reported that subjects with schizophrenia have a decreased number of neurons in the mediodorsal thalamus (MD);
a diminished density of a putative marker of MD axon terminals in the prefrontal cortex; a preferential reduction, on the basilar dendrites of
deep layer 3 pyramidal neurons, of dendritic spines, a principal synaptic target of the excitatory projections from the MD; reduced expression
of the mRNAs for glutamic acid decarboxylase (GAD67), the synthesizing enzyme for GABA, and for the GABA membrane transporter (GAT-1),
in a subset of prefrontal GABA neurons; a decreased density of GAT-1-immunoreactive axon terminals of GABAergic chandelier neurons,
which synapse exclusively on the axon initial segment of pyramidal neurons; and decreased dopamine innervation (DA) of layer 6, the principal
location of pyramidal neurons that provide corticothalamic feedback projections (figure adapted from Lewis and Lieberman, 2000, Neuron
28, 325–334).
Other equally important actions of dopamine in the pre- been highlighted by the recent finding that calcyon, an
intracellular protein that interacts with D1 family recep-frontal cortex arise from its modulation of inhibitory cir-
cuits that are engaged both in the spatial and temporal tors, is abnormally high in schizophrenic patients (Koh
et al., 2003). Further evidence from a recent geneticproperties of prefrontal cognitive operations. These
studies underscore how dopamine regulation of gluta- analysis has found that the region of chromosome 10
where the calcyon gene is located is linked to risk formate function in the prefrontal cortex is critical for work-
ing memory and how altered dopamine transmission in schizophrenia or bipolar disorder. Abnormalities in the
prefrontal cortex of patients have also been observed inschizophrenia might be linked to alterations in working
memory. two recent PET studies of D1 receptor binding potential
(Okubo et al., 1997; Abi-Dargham et al., 2002). BothThe importance of the dopamine hypothesis of schizo-
phrenia has been well known for half a century and studies found significant correlations between D1 bind-
ing potential and cognitive performance.was discussed in the context of recent studies on the
existence of both D1 and D2 dopamine receptor-inter- The evidence suggesting that schizophrenia is associ-
ated with two major neurochemical imbalances, an ex-acting proteins. As an example, the functional signifi-
cance of D1 signaling mechanisms in schizophrenia has cess of subcortical dopaminergic transmission at the D2
Meeting Report
209
Figure 3. Modulation of Excitatory Synaptic
Transmission by Dopamine
Dopamine differentially modulates excitatory
synaptic transmission in pyramidal-pyrami-
dal (P-P) and pyramidal-nonpyramidal (P-NP)
microcircuits.
(A and B) Dopamine significantly reduces
EPSP amplitude in pyramidal-pyramidal (P-P)
pairs, possibly through presynaptic D1 re-
ceptors, but does not significantly affect py-
ramidal-nonpyramidal (P-NP) synapses.
(C and D) Summary histograms showing do-
paminergic effects on all P-P connections
and P-NP pairs examined in Gao and Gold-
man-Rakic (2003).
receptor and a deficiency of glutamate transmission at has similar effects on amphetamine-induced dopamine
release. These data suggest that stimulated DA activitythe NMDA receptor, was reviewed by M. Laruelle (Co-
lumbia University, New York, NY) (Duncan et al., 1999; is normally under control of a NMDA-mediated inhibitory
influence. Thus, in schizophrenia, NMDA receptor hypo-Laruelle, 2003). Evidence for a dopaminergic excess de-
rives from the D2 antagonism of antipsychotics and the function might be implicated in deficient control of dopa-
minergic cell activity and excess DA release underpsychotogenic effects of sustained exposure to dopa-
mine-enhancing drugs such as amphetamine. This ex- stressful conditions. Furthermore, there is now evidence
that, in the GABAergic medium spiny neurons of thecess dopaminergic activity has recently been directly
confirmed by a number of brain imaging studies that striatum, D1 and D2 stimulation facilitates and impairs
NMDA transmission, respectively. Thus, an excess ofshowed elevated F18-DOPA accumulation, elevated
amphetamine-induced dopamine release, and in- D2 stimulation might further impair NMDA-mediated cor-
tical and limbic input to GABAergic neurons of the ven-creased occupancy of D2 receptors by dopamine in un-
treated patients with schizophrenia. Excess dopamine tral striatum. It follows that antipsychotic treatment
might actually promote NMDA transmission, a mecha-activity in the striatum has been consistently associated
with positive symptoms. nism that might account for the efficacy of these drugs
in patients who do not show evidence of increased pre-Recent advances in imaging studies enable bridging
the dopamine and NMDA hypotheses of schizophrenia synaptic dopaminergic function.
P. Gaspar (INSERM, Paris, France) provided an addi-into one common conceptual framework: (1) under rest-
ing condition, dopamine activity is not markedly dis- tional perspective on the potential role of neuromodula-
tors in schizophrenia by presenting evidence for the roleturbed by acute administration of the NMDA antagonist
ketamine; (2) under conditions of enhanced dopamine of serotonin (5-HT) transmission in brain development
(Alvarez et al., 2002). 5-HT had a wide variety of effects,activity, such as following amphetamine challenge,
blockage of NMDA transmission in healthy volunteers on proliferation, migration, neurite outgrowth, and syn-
aptogenesis. 5-HT levels are tightly controlled duringresults in excess amphetamine-induced dopamine re-
lease; and (3) acute administration of mGluR2 agonists development by the clearance pathway of 5-HT, which
Neuron
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is composed of the serotonin transporter (SERT), the Transcriptome changes may define expression signa-
tures of disease states, identifying patterns that suggestvesicular monoamine transporter (VMAT2), and the
previously unknown molecular interactions.monoamine oxidase A (MAOA). The genes coding for
K. Mirnics (University of Pittsburgh, PA) presentedthese proteins are transiently and broadly expressed in
results showing novel and consistent gene expressionembryonic life and during late postnatal life in a wide
patterns in the prefrontal cortex of individuals withpopulation of nonmonoaminergic neurons, particularly
schizophrenia when compared to matched controlsin the major sensory pathways. Disrupting the function
(Figure 4), including changes in the expression of genesof any of these three genes alters in one or another way
related to the mechanism of presynaptic secretory re-the level of brain 5-HT. However, the consequences of
lease (Mirnics et al., 2000). Transcripts for Synapsin 2,knocking these genes out on brain development are
N-ethylmaleimide-sensitive factor (NSF), SNAP, and ve-generally subtle: the basic structure is not modified but
sicular pump gene levels were decreased in the majoritya number of alterations are found in the late process
of comparisons, albeit in a subject-specific manner.of maturation of the brain, such as the refinement of
They also uncovered consistent transcripts related totopographic axonal maps, the trophic-dependent cell
GABAergic and glutamatergic transmission, which maysurvival, and the dendritic differentiation of several neu-
be secondary to altered presynaptic drive. In addition,ronal populations. These changes are important for nor-
in subjects with schizophrenia, they also reported con-mal adult brain function, since a number of behavioral
sistent decreases in expression of multiple genes en-changes are observed in these mouse strains such as
coding proteins involved in various energy metabolismaltered aggressive behavior, learning deficits, vulnera-
pathways and ubiquination, which may be also relatedbility to drug intake, or increasing anxiety-related behav-
to the presynaptic gene expression alterations. Impor-ior. Thus, alteration in neuromodulator transmission
tantly, the presynaptic transcriptome alterations ob-might be involved, not only in the pathophysiology of
served in schizophrenia showed a subject-specific pat-the illness in the adult, but also in a chain of subtle
tern. That is, although all subjects showed decreasedneurodevelopmental events that might promote the
expression of multiple presynaptic gene products, theemergence of this endophenotype.
specific combination of affected transcripts varied fromThis question was further elaborated by J. Lieberman
subject to subject. This finding strongly argues for a(University of North Carolina School of Medicine, NC).
continuity of molecular phenotypes in schizophreniaEvidence suggests that morphological abnormalities re-
that is likely to be related to the variability in the clinicalflecting cellular and circuit based disturbances that may
manifestations of the disease. The same microarray dataunderlie schizophrenia are either inborn and develop-
set also revealed multiple changes that occur in themental or progressive and possibly degenerative in na-
postsynaptic cell. Among others, expression of theture or both. Despite the substantial evidence and intel-
AMPA receptor subunit GluR2, regulator of G proteinlectual appeal of the “Neurodevelopmental Theory” of
signaling 4 (RGS4), and multiple genes involved in Gschizophrenia, the progressive and deteriorating course
protein-coupled receptors (GPCR) signaling were al-of the illness is undeniable. Moreover, an increasing
tered. The studies also seem to implicate multiple genesnumber of methodologically rigorous longitudinal neu-
involved in both phosphatidylinositol and cAMP signal-roimaging studies that examined patients prospectively
ing pathways, which are likely consequences of morefrom their early stages of illness have demonstrated that
specific upstream changes in GPCR signaling, possiblyregionally specific morphologic changes occur over,
involving dopamine signaling alterations.and in relation to, the course of their disorder (Lieberman
In contrast, in a study of chronic haloperidol-treatedet al., 2001). Disorders of synaptic transmission (dopa-
monkeys, no transcript alterations for the same presyn-mine sensitization, glutamate excitotoxicity) might me-
aptic and postsynaptic genes were detected. This sug-diate these changes. If this is the case, pharmacological
gests that the uncovered expression changes in schizo-treatment might help to prevent these changes. Indeed,
phrenia may not be the result of chronic antipsychotic
evidence was presented that drugs might differentially
treatment and that such a treatment seems to normalize
affect brain morphological changes associated with the
gene expression, although evidence for the second
course of illness. point is limited.
Thus, disorders of neuromodulator transmission might Undoubtedly, microarray studies and other complex
be involved at several levels: in the neurodevelopmental transcriptome analysis methods will guide future at-
diathesis that leads to illness vulnerability, in the expres- tempts for deciphering complex molecular phenotypes
sion of symptoms and deficits, and in the subsequent associated with mental disorders. Defining disease-spe-
changes in brain structure and function that are underly- cific transcriptome changes will also facilitate develop-
ing the progressive clinical deterioration. ment of animal models that closely mimic common mo-
lecular events associated with schizophrenia.
Synaptic Function: Understanding the In light of a possible alteration of presynaptic function
Pathophysiology of Schizophrenia in schizophrenia, a number of basic synaptic transmis-
Microarray gene expression studies in postmortem sion mechanisms were examined. T.C. Su¨dhof (Howard
brain from patients with schizophrenia have detected Hughes Medical Institute) is interested in understanding
changes in expression of proteins involved in presynap- how a presynaptic terminal contacts a postsynaptic
tic secretory release and, possibly as a consequence, neuron, and how the terminal secretes neurotransmit-
in glutamatergic and GABAergic transmission. This ters in a tightly regulated and topologically restricted
method is ideally suited for studying complex brain dis- manner (Gerber and Sudhof, 2002; Rizo and Sudhof,
orders like schizophrenia, where interactions of genetic 2002). Neurotransmitter release occurs by synaptic vesi-
cle exocytosis that is triggered by influx of Ca2	 intoand environmental factors hold the key to the disease.
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Figure 4. Schizophrenia as a Presynaptic Secretory Machinery Deficit
cDNA microarray data for 
12,000 genes, plotted as Cy3 versus Cy5 fluorescent signal ratio (gene expression abundance) across six pairwise
comparisons of postmortem subjects with schizophrenia and matched controls. Each point represents a single gene expression observation.
Any point on the line of unity has equal expression between a subject with schizophrenia and matched control. For all the expressed genes
(blue dots), the expression differences are comparably distributed in both Control 
 Schizophrenia (below the unity line) and Schizophrenia 

Control (above the unity line) classes. However, the majority of the transcripts related to Presynaptic Secretory Machinery-PSYN (red),
Glutaminergic Neurotransmission-GLU (yellow), and GABAergic Neurotransmission-GABA (green) were consistently decreased in all subjects
with schizophrenia.
the presynaptic neuron. Ca2	-evoked synaptic vesicle process from the slow kiss-and-run events. A kinetic
model of exocytosis that account for slow and fast kiss-exocytosis is one of the fastest and most tightly con-
trolled reactions in biology and can be modulated during and-run exocytosis was proposed.
Of the glutamate receptor subtypes NMDA, AMPAsynaptic plasticity. The speed and plasticity of neuro-
transmitter release are one of the major factors that and kainate receptors, the latter is by far the less well
understood, despite their wide distribution in the brain.shape the exquisite speed and precision with which
synaptic networks function. The molecular cascade that Progress in pharmacology has resulted in the demon-
stration that kainate receptors play a role both in regulat-orchestrates neurotransmitter release is being investi-
gated. Although far from complete, these studies have ing synaptic transmission and plasticity by both pre-
and postsynaptic mechanisms (Lerma, 2003). Recentprovided an initial description of the molecular machin-
ery that mediates neurotransmitter release and have data have indicated that kainate receptors may signal
by a double way in that they are channels and activatorsprovided clues to how the speed, precision, and plastic-
ity of a synapse are achieved. For example, candidate of G proteins. J. Lerma (Instituto Cajal, Madrid, Spain)
presented data showing that the metabotropic effect ofCa2	 sensors for exocytosis have been identified in syn-
aptotagmins, and integrators of presynaptic signaling kainate does not seem to require ion channel receptor
activity, since the metabotropic actions of kainate re-at the active zone were described in RIM and Munc13
proteins. ceptors were not observed in neurons prepared from
mice deficient for the ion channel-forming subunitAs presented by A. de Toledo (University of Seville,
Spain), an alternative mode of exocytosis, so called kiss- GluR5. These results indicate that an ion channel-form-
ing subunit is involved independently in both ionotropicand-run, is a rapid and efficient method of releasing
secretory products to the extracellular medium through and metabotropic activities. This is important because
the nature of the signal transduction pathway triggeredthe transient formation of a fusion pore. During kiss-
and-run, the vesicle membrane does not collapse into by the receptor may determine the cellular response,
providing kainate receptor activation with a number ofthe plasma membrane, but keeps its position and iden-
tity to perform a second round of exocytosis. The inci- unpredicted regulative functions.
dence of kiss-and-run increases as the extracellular cal-
cium concentration rises. These kiss-and-run events Development and Plasticity: Role in the
Pathogenesis of Schizophrenialast only for milliseconds (average of 50 ms, called fast
kiss-and-run) and release a significant amount of trans- Neuropathological studies in schizophrenia are consis-
tent with the hypothesis that this illness is characterizedmitter. New data revealed that fast kiss-and-run events
are evoked by calcium acting from the extracellular me- by disorder of synaptic organization. In other terms, the
cortical neurons are present, but they do not communi-dium and that these events represent a different kinetic
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Figure 5. Synaptogenesis in Primary Visual
Cortex
Changes in the relative density of synapses
(discontinuous lines) in the primary visual cor-
tices of four different mammalian species: rat,
cat, macaque, and human, as a function of
days after conception, expressed on a log
scale on the abscissa. Only phases 3, 4, and
5 of synaptogenesis are sketched here.
Phase 3 is indicated with the number 3. The
striped and the solid black horizontal bars
represent the time of neurogenesis in the lat-
eral geniculate nucleus (LGN) and primary vi-
sual cortex (V1). Reproduced from Bourgeois
(1997) with permission from Scandinavian
University Press.
cate with each other to the same degree as in normal This rapid decrease in the density of cortical synapses
following puberty has been proposed as a major eventbrain. To further explore this hypothesis requires an
understanding of how synaptic function contributes to leading to the expression of schizophrenia. If the vulner-
ability to the illness is mediated by a lower synapticsynaptic organization, both in development and in adult
life. density and/or deficient synaptic function, the synaptic
pruning associated with adolescence might precipitatePhases and kinetics of cortical synaptogenesis (Fig-
ure 5) were described by J.P. Bourgeois (Institut Pasteur, the emergence of a synaptic deficiency (Feinberg, 1982;
Woo et al., 1997).Paris, France). Onset of synaptogenesis is a very early
developmental event, occurring in the first half of gesta- The mechanisms controlling the development of neu-
ronal circuits is activity dependent, a fact illustrated bytion, i.e., long before interactions with the environment
(Rakic et al., 1986; Bourgeois, 1997). The kinetics of H.T. Cline (Cold Spring Harbor Laboratory, Cold Spring
Harbor, NY) using in vivo time-lapse imaging in the visualsynaptogenesis is complex rather than linear. Five dis-
tinct phases were identified in the whole cortical mantle system (Haas et al., 2002). Labeled retinal axons were
imaged in Xenopus tadpoles in which surgery was usedof the macaque monkey. They were also described in
the rodent and in human brains, suggesting a highly to induce binocular innervation of the optic tectum. Reti-
nal inputs from the two eyes were initially overlappingconserved process through neocortical evolution. For
the human cerebral cortex, due to sampling difficulties, and gradually segregated into eye-specific zones over
time. Axons eliminated branches preferentially from ter-the data are scarce and diverse. Phase I (slow synapto-
genesis in cortical preplate) would start near the 7th week ritory dominated by the eye opposite to their eye of
origin, but added branches with approximately equalof gestation. Phase II (slow synaptogenesis in the corti-
cal plate) would start near 17–22 weeks. Phase III (very probability in both eye territories. NMDA receptor block-
ade prevented the selective stabilization of branches.rapid synaptogenesis in the cortical plate) would start
near the 26th week of gestation and end by 8–12 postna- These results suggest that an activity-independent
mechanism promotes branch additions in sparsely in-tal months in the primary visual cortex and 2–3 years in
the prefrontal cortex. Phase IV (“en plateau” character- nervated brain regions and provide evidence for a corre-
lation-based mechanism for fine-tuning of axon arborized by very high densities of synapses) lasts for 2–3
years in the visual cortex and a whole decade in the morphology in which the locations of branch stabiliza-
tions are governed by postsynaptic NMDAR-dependentprefrontal cortex, until puberty. In phase V, following
puberty, the mean density of synapses drops to the signaling.
Spine density is decreased in layer III of DLPFC indensity observed at birth. This density is maintained
throughout adulthood, and then decreases significantly schizophrenia (Glantz and Lewis, 2000). Dendritic spines
are sites of most excitatory contacts in the cortex andduring senescence, until death.
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have been practically inaccessible to functional mea- highly abnormal behavioral responses in their offspring,
tested as adults (Shi et al., 2003). These tests includesurements until the introduction of two-photon micros-
open field, novel object, social interactions, and pre-copy. Using a custom-built two-photon microscope, R.
pulse inhibition (PPI) of the acoustic startle response,Yuste (Columbia University, New York, NY) studied the
and the results are consistent with abnormalities ob-structures and molecular organization of the dendritic
served in subjects with schizophrenia and autism. More-spines (Tashiro and Yuste, 2003) and presented data on
over, the deficit in PPI is corrected by antipsychoticcalcium compartmentalization and spine mobility.
drug treatment and exacerbated by psychomimetic drugDendritic spines can compartmentalize calcium. The
treatment.kinetics of decay are controlled by (1) active calcium
A variety of abnormalities have been observed in theextrusion and (2) diffusion of calcium from spine to den-
cortex and hippocampus from mice born to infecteddrite. Although extrusion is likely to dominate in physio-
mothers, including the distribution of SNAP-25 and ree-logical conditions, the contribution of calcium pumps
lin and shrinkage of pyramidal neurons. The abnormaland diffusion varies from spine to spine, depending on
brain development seen in the mice born to infectedthe location of the spine along the dendrite, producing
mothers might be due to the maternal immune response,different sensitivity to synaptic depression. Dendritic
rather than to influenza infection of the fetal brain. Inprotrusions (filopodia and spines) are highly dynamic.
support of this idea, no evidence of viral RNA was foundAlthough spines can move even with synaptic contacts,
in the fetal brains of exposed mice. Moreover, a PPIspine motility seems to be related to synaptogenesis
deficit is found in adult mice born to mothers that wereand the morphological reorganization is actin-based
treated with poly(I:C), a synthetic, double-stranded RNAand can be regulated by Rho family GTPases. Further
that is known to evoke an antiviral-like immune re-work in this area is needed to shed light on whether
sponse. Thus, to understand how the maternal immunepathophysiological processes can disrupt this normal
response might affect development of synaptic trans-process and lead to the decreased spine density re-
mission in the fetal brain at the molecular level wouldported in schizophrenia.
be very valuable line of research for schizophrenia.The hippocampus is particularly prone to functional
A primary pathogenetic event of relatively short dura-and structural changes of synaptic communication, of-
tion causing pre- and/or postnatal disruptions of brainten in response to environmental stimuli. Neuroimaging
development has been proposed to underlie schizo-studies have shown that smaller hippocampal volume
phrenia. If this neurodevelopmental hypothesis is cor-predicts the onset of psychosis in high-risk subjects and
rect, then the resultant behavioral and cognitive signsis fully developed at the first presentation of psychotic
and symptoms remain dormant for some time after thesymptoms, but may progress throughout the disease
primary insult (Borrell et al., 2002). This hypothesis ofprocess. Indeed, subtle, yet significant, volume reduc-
schizophrenia is attractive for a variety of reasons, andtion of the hippocampus is one of the most replicated
there are several converging lines of evidence to supportbrain abnormalities in schizophrenia. S. Heckers (Mas-
such a model (Lewis and Levitt, 2002). However, fewsachusetts General Hospital, Harvard Medical School,
examples of delayed-onset disruption of structure-func-MA) reviewed the evidence for altered hippocampal vol-
tion relationships have been documented. P. Levittume and cytoarchitecture in schizophrenia (Heckers,
(Vanderbilt University, TN) discussed two models, one1997). He concluded that postmortem studies have
genetic and one environmentally induced, that result infound total hippocampal neuron number to be normal
different developmental trajectories and adaptivein schizophrenia. However, the volume of the cell-poor
changes in brain structure and function.layers in the hippocampus and the density of subpopula-
In a mouse model (waved-1; wa-1) carrying a singletions of neurons (e.g., GABA interneurons) appear to
gene mutation that causes gradual, postnatal hypomor-be reduced. Although the etiology and mechanism of
phic expression of transforming growth factor- (TGF),
hippocampal pathology in schizophrenia remain un-
peripubertal changes in brain structure and in learned
clear, it appears that the function of the hippocampus is
fear conditioning occur and are expressed with a gender
impaired in schizophrenia (Heckers, 2001). For example, bias. High-resolution structural MRI of wa-1 mice docu-
hippocampal recruitment during conscious recollection mented selective enlargement of ventricles in the ab-
is weaker in schizophrenia, but simple recognition re- sence of major loss of tissues parenchyma, changes
mains intact, even in the context of significant hippo- that are reminiscent of schizophrenia. Moreover, alter-
campal volume reduction. Taken together, studies of ations in learning appear to be at least partially due to
the hippocampus point to selective abnormalities of hip- adolescent onset of abnormal stress responsiveness in
pocampal architecture and volume, resulting in impair- wa-1 male mice. The level of transcript encoding TGF
ments of some but not all hippocampal functions in and EGRF, the receptor for TGF, showed a gender-
schizophrenia. dependent mRNA expression pattern in select hypothal-
amic-pituitary axis (HPA) structures. In contrast, gender
Model Systems to Investigate the Underlying specificity was not observed in transcript expression
of Etiology of Schizophrenia patterns in learning-associated brain regions such as
There is considerable evidence that exposure of preg- the amygdala and hippocampus. This structure-depen-
nant women to viral infection during a critical period can dent pattern of mRNA expression supports the impor-
increase the incidence of schizophrenia and possible tance of the HPA axis in assigning the gender-specific
autism in their offspring. P.H. Patterson (California Insti- phenotype in wa-1 that develops during adolescence.
tute of Technology, CA) finds that inducing an influenza In a second group of studies, psychostimulant expo-
sure was used to alter monoamine neurotransmittervirus respiratory infection in pregnant mice causes
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function during prenatal brain development. In this these cells. Recent microarray studies are consistent
with a generalized decrease in synaptic activity. A grow-model of gestational exposure to cocaine, administra-
ing number of animal models support the plausibility oftion of the drug for a very limited period of time during
a scenario in which a well-timed and well-dosed insulta “sensitive period” results in disrupted dopamine (DA)
to the developing brain results in emergence of schizo-D1 receptor signaling that remains permanently altered
phrenia-like traits around puberty.for the life of the animal. The disrupted signaling also
Yet the central question remains: what might causecauses abnormal development of certain neurons in the
this fundamental, primary deficit in synaptic function?regions of the cerebral cortex that receive dense DA
Our growing understanding of neurotransmission, at theinnervation, including the prefrontal cortex and anterior
molecular and physiological level, reveals an almost infi-cingulate. Strikingly, the offspring are permanently de-
nite number of possibilities. Microarray studies are wellsensitized to the locomotor effects of psychostimulants,
equipped to probe into this large diversity of molecularwhereas adults exposed to the same level of cocaine
effectors but do not, per se, point toward the genetic vari-instead exhibit intense sensitization, suggesting that the
ability that might account for specific transcriptomes.biological response of the CNS to this pharmacological
The variability in the synaptic phenotype revealed byinsult varies not only in magnitude, but even in direction,
these studies strongly suggests that multiple genesdepending on the developmental maturity of the nervous
might be involved and that this set of genes will notsystem when the insult is received.
overlap between all individuals. Yet, these studies natu-Although the particular insults to the CNS used in
rally point toward the study of genes regulating the ex-these studies are not intended to model any specific
pression of altered transcripts, and a relationship mightcauses of schizophrenia, these findings reflect the im-
emerge in the future between genetic variability andportance of timing on the disruption of neuroadapta-
transcriptome phenotypes.tions. The study of such alterations in developmental
Second, it will be important to specify in more detailstrajectories are vital steps in understanding the complex
the commonality between synaptic defects that lead toadditive and interacting effects that can lead to the even-
the emergence, around puberty, of schizophrenia-liketual expression of the hallmark features of schizophre-
traits. Are generalized lesions more prone to lead tonia. Such developmental events can result in highly se-
this phenotype than regionally localized lesions? Arelective outcomes that reflect the culmination of adaptive
alterations in some specific transmitters, receptors, or(and sometime maladaptive) changes that may underlie
second messenger systems more effective than othersthe pathophysiology of schizophrenia.
at shaping this type of future? At what stage of develop-
ment is the brain more vulnerable to insults evolvingConclusion
along this path? A better characterization of the what,The meeting was organized around a “synaptic” hypoth-
where, and when of the neurodevelopmental eventsesis of schizophrenia. This hypothesis proposes that
leading to schizophrenia-like phenotypes would consid-the fundamental pathology of schizophrenia involves a
erably help in the evaluation of the relevance of theconvergence of factors leading to dysfunction of synap-
genomic variabilities associated with the illness.
tic transmission. Due to the role of transmission in shap-
Third, to address this challenge, it will be important
ing synaptic contacts and organization (both during de-
to increase our requirements for what is a “schizophre-
velopment and adulthood), synaptic dysfunction results
nia-like trait” in a rodent. These requirements are still
in abnormal connectivity. Abnormal connectivity ap- very general and nonspecific (large ventricles, altered
pears to affect mostly the prefrontal cortex, and its con- prepulse inhibition, increased response to amphetamine
nections with the limbic system, the striatum, and the and phencyclidine, to name a few). The “biological fidel-
thalamus. The effects of this abnormal connectivity are ity” of animal models could be more targeted, as more
relatively modest or even unnoticeable during child- detailed endophenotypes emerge from postmortem and
hood, perhaps because of the higher redundancy of imaging studies (for example, alterations in GAD67 in
synaptic contacts at that time. The interaction of this cortical interneurons, reduced neuropil, altered firing
abnormal connectivity with peripubertal or postpubertal pattern of dopaminergic neurons, or decreased meta-
maturation events (such as synaptic pruning and matu- bolic activity in prefrontal cortex associated with work-
ration of dopaminergic system) results in the emergence ing memory deficits).
of severe imbalances in excitatory and inhibitory drives, Another point raised during the discussion was the
as well as dopamine dysfunction. These imbalances need to define the nature of the maturational events that
might, in turn, accelerate the underlying pathology, re- might interact during puberty with the developmental
sulting in fragmentation of neuronal networks, dimin- vulnerability to induce this mental devastation. The clari-
ished plasticity, and clinical deterioration. fication of factors that affect synaptic transmission and
This hypothesis is consistent with a number of funda- plasticity around this critical period would be extremely
mental observations reviewed during the meeting. Volu- valuable. For example, at what stage of the life cycle
metric studies indicate lower gray matter volume, while does the dopamine modulation of stimulus-independent
neuropathological studies find a normal number of neu- sustained activation of prefrontal neurons described by
rons surrounded by decreased neuropil and lower spine Goldman-Rakic come into play? We know that subunit
density in some regions of the cortex. Decreased activity composition and properties of some postsynaptic re-
of a certain class of GABAergic interneurons in the cor- ceptors do change, but are some aspects of the delicate
tex and increased activity of subcortical dopaminergic and complex presynaptic machinery described by Su¨d-
neurons are two well-replicated observations that are hof different in pre- and postpubertal brains? In sum-
mary, the elucidation of the genetic causes of the illnessbest explained by alterations of regulatory inputs to
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Goldman-Rakic, P.S. (1994). Working memory dysfunction in schizo-will require an improved definition of relevant endophe-
phrenia. J. Neuropsychiatry Clin. Neurosci. 6, 348–357.notypes and a better understanding of the pathophysiol-
Haas, K., Jensen, K., Sin, W.C., Foa, L., and Cline, H.T. (2002).ogy throughout the life cycle.
Targeted electroporation in Xenopus tadpoles in vivo—from singleCurrent treatments are effective at taking the edge off
cells to the entire brain. Differentiation 70, 148–154.
the illness and, to some extent, at affecting its progres-
Harrison, P.J. (1999). The neuropathology of schizophrenia. A criticalsion by limiting the long-term clinical deterioration. They
review of the data and their interpretation. Brain 122, 593–624.
have transformed the life of subjects suffering from
Harrison, P.J., and Owen, M.J. (2003). Genes for schizophrenia?
schizophrenia. But their efficacy is still limited and incon- Recent findings and their pathophysiological implications. Lancet
sistent, and their side effects remain problematic. Ad- 361, 417–419.
dressing the challenges described above will almost Hashimoto, T., Volk, D., Eggan, S., Pierri, J., Sun, Z., Sampson, A.,
certainly open new treatment avenues and possibly and Lewis, D. (2003). Gene expression deficits in a subclass of GABA
some new prevention strategies. Thus, further progress neurons in the prefrontal cortex of subjects with shizophrenia. J.
Neurosci., in press.requires a collaborative effort between neurology and
Heckers, S. (1997). Neuropathology of schizophrenia: cortex, thala-psychiatry, which will be based not on symptomatology
mus, basal ganglia, and neurotransmitter-specific projection sys-but on the dysfunction of specific genes, molecules,
tems. Schizophr. Bull. 23, 403–421.neurons, and particular—and more complex—neural
Heckers, S. (2001). Neuroimaging studies of the hippocampus insystems. What was clear from this meeting was that
schizophrenia. Hippocampus 11, 520–528.close collaborations between basic and clinical scien-
Kegeles, L., and Laruelle, M. (2003). Neuroimaging findings intists are vital to this enterprise. Such a cross-fertilization
schizophrenia: from mental to neuronal fragmentation. In Handbookwas evident during the gathering. In the name of the of Medical Psychiatry, S. Gershon, ed. (New York: Marcel Dekker),
organizers and participants, the authors would like to pp. 237–238.
express their gratitude to the Juan March Foundation Kendler, K.S., and Diehl, S.R. (1993). The genetics of schizophrenia:
for providing this opportunity. a current, genetic-epidemiologic perspective. Schizophr. Bull. 19,
261–285.
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